Abstract. CAP1, the gene encoding the ot subunit of Saccharomyces cerevisiae capping protein, was cloned using a probe prepared by PCR with primers based on the amino acid sequence of purified r subunit peptides. The sequence is similar to that of capping protein a subunits of other species but not to that of the S. cerevisiae capping protein/~ subunit or any other protein.
Abstract. CAP1, the gene encoding the ot subunit of Saccharomyces cerevisiae capping protein, was cloned using a probe prepared by PCR with primers based on the amino acid sequence of purified r subunit peptides. The sequence is similar to that of capping protein a subunits of other species but not to that of the S. cerevisiae capping protein/~ subunit or any other protein.
Null mutants of capping protein, prepared by deletion of the coding region of CAP1 and CAP2 separately or together, are viable and have a similar phenotype. Deletion of the gene for one subunit leads to a loss of protein for the other subunit. The null mutant has a severe deficit of actin cables and an increased number of actin spots in the mother. Cells are round and relatively large. These features are heterogeneous within a population of cells and vary with genetic background. Overexpression of CAP1 and CAP2 also causes loss of actin cables and cell enlargement, as well as the additional traits of aberrant morphogenesis and cell wall thickening. Capping protein null strains and overexpression strains exhibited normal polarized secretion during bud growth as demonstrated by labeling with fluoresceinated Con A. Projection formation and chitin deposition in response to mating pheromone, mating efficiency, and bud site selection were also normal in capping protein null strains. In addition, bulk secretion of invertase was unimpaired. These data indicate that actin cables are not required for polarized secretion in S. cerevisiae.
T
He yeast Saccharomyces cerevisiae exhibits polarized growth and morphogenesis in a variety of ways during its life cycle (14) . Budding begins with the non-random selection of a bud site at one pole of the cell. As the cell cycle proceeds, growth is asymmetric; the bud enlarges selectively while the mother cell grows little (28) . At the end of budding the mother and bud are separated by a chitinous septum that grows across the bud neck and is accompanied by new cell wall growth specifically targeted to this region. Another example of polarized growth occurs in haploid yeast exposed to mating pheromone; these cells form a projection, and chitin is deposited at the base of the projection. Cells can mate selectively with specific partners within a population, which implies that polarization can occur in a specific direction (33) .
Polarized growth results from the selective deposition of newly synthesized cell wall components in areas of growth such as the bud tip, as shown by fluorescent (55) or radioactive (24) labeling of cell wall components. The secretory enzymes invertase (56) and acid phosphatase (25) are also selectively targeted to the growing bud. Cell surface growth and protein export are impaired in mutants which accumulate intracellular vesicles, showing that both processes depend on vesicle secretion (41) .
Several lines of evidence suggest that the yeast actin cytoskeleton may mediate polarized growth. Strains with ts alleles of ACT/, the yeast actin gene, exhibit impaired secretion and mislocalization of chitin deposition after a short time at the restrictive temperature (42) . While bulk secretion is normal, internal stores of the secretory enzyme invertase accumulate in these strains, suggesting that polarized secretion is impaired. Strains with a ts allele of the MY02 gene, which encodes a putative actin-based motor, do not initiate bud formation at the restrictive temperature, although bulk secretion is unaffected and the cell cycle, including the growth of existing buds, proceeds through cytokinesis (36) . Several different forms of actin may be morphologically distinguished in yeast. Cortical actin spots (also called "actin dots" or "actin patches" -the three terms are synonymous) assemble at the incipient bud site and later cluster at the tip of the growing bud. In contrast, mother cells contain actin cables oriented generally parallel to the mother bud axis, as well as a few actin spots. Shortly before cell division, cables disappear and the mother acquires actin spots. Cell division is accompanied by the appearance of an actin ring at the bud neck (1, 37) , which is not a cluster of spots (6) . Actin spots are also seen at the tips of projections formed by cells exposed to mating pheromone. Some (29, 39) but not other (8) studies have found that these cells have cables, which are oriented toward the projection.
The role of the cables is unknown. Because they are oriented parallel to the mother-bud axis, an intriguing possibility is that the cables mediate polarized growth and secretion (1, 20, 21, 37). Cables probably represent bundles ofactin filaments (1), and in other systems myosin-coated vesicles move along actin filaments, leading to the hypothesis that in yeast secretory vesicles follow aetin cables to their site of insertion as a molecular mechanism of polarized secretion (20, 22, 36) . On the other hand, the location of cortical actin spots correlated with sites of new cell wall growth (1); therefore spots may mediate polarized secretion.
We have tested these hypotheses by studying polarized secretion in strains that are deficient in actin cables in response to null mutations or overexpression of capping protein, a ubiquitous actin-binding protein. These strains exhibit minimal or no defects in polarized secretion as evaluated by several criteria, which argues that actin cables are not required for polarized secretion in yeast.
Materials and Methods

Materials and Supplies
Unless otherwise noted, chemicals were from Sigma Chemical Co. (St. Louis, MO) and materials and solvents from Fisher Scientific (St. Louis,
MO).
Yeast Strains and Genetic Techniques
Yeast strains used are listed in Table I . Media and techniques of crossing, sporulation, tetrad dissection, transformation, and preparation of genomic DNA were as described (46) . For experiments in which the effects of ethylene glycol were tested, 1 or 2 M ethylene glycol was included in the YPD medium.
Proteins
SDS-PAGE, immunoblots, preparation of afffinity-purified rabbit anti-yeast capping protein antibodies, purification of yeast capping protein, separation of a and fl subunits, endoproteolytic digestion, and NH2-terminal amino acid sequencing were as described (6) .
DNA Sequencing and Sequence Analysis
DNA was sequenced with the chain termination method (48) using modified T7 DNA polymerase (United States Biochemical, Cleveland, OH). Both strands of clone M were sequenced, using subelones created by sonication of the original insert. Multiple sequence alignments were generated using GAP (19) . The nuclcotide sequence of clone hl and its complement were searched against the EMBL and G-ertBank nucleotide databases using FASTA (43) . The predicted amino acid sequences of the CAP1 gene and the ORF were searched versus the GenPept and SWISS-PRO'r protein sequence databases using FASTA, and versus the SWISS-PROT and PIR databases using BLAST (4) .
PCR Amplification of a CAP1 Coding
Sequence Fragment NH2-terminal amino acid sequence data from peptides A3 and A7 were used to design degenerate oligonucleotides A7/FOR, A3/REV, A3/FOR, and A7/REV (Table ID 
Cycles in which no amino acid residue could be assigned are indicated by "X? Positions of nucleetide degeneracy are indicated by parentheses.
Four amplified bands were subcloned into pBluescript (Stratagene, La Jolla, CA) and sequenced. One product correctly predicted the amino acid sequences of peptides A3 and A7, which by coincidence are immediately adjacent to each other in the primary sequence.
Library Screening and Sequencing
Standard molecular techniques were used (47) . The sequence of the PCR product was used to design the non-degenerate oligonucleotide CAPl/Exact (Table ID, which was used to screen a randomly sheared yeast genomlc DNA library in kgtll (23) . 40000 phage were screened, yielding six positives. Digestion of purified phage DNA (31) with EcoRI produced inserts from five of these phage (see Fig. 1 ), which were subcloned and analyzed by restriction digest and sequence. To sequence both strands of clone M in its entirety, the insert DNA was purified and sonicated to produce 100-300-bp fragments, which were subcloned and sequenced. Several synthetic oligonucleotides were used to complete the sequence.
Physical Mapping of the CAP1 Gene
The M EcoRI inset was 32p-labeled with random primers and used to screen the M. V. Olson lab filter set, kindly provided by Linds Riles (Washington University, St. Louis, MO). The presence of CAP/ on the identified phage was confirmed by purifying and partially sequencing the phage insert DNA (31) .
Disruption of the CAPI Gene
90% of the coding region of CAPI was disrupted in diploid strain YJCI63 by 'y-loop mutagenesis as described (54) . The 5' EcoRI-ScaI and 3' BgiIIEcoRI restriction fragments flanking the CAP1 gene were subcloned into BamHI-SmaI cut pRS304. The recombinant plasmid was digested with EcoRI and used to transform yeast to tryptophan prototrophy by the lithium acetate method (46) . Sporulation gave rise to four viable spores, with 2:2 segregation of the Trp + marker, caplAcap2A mutants were created by crossing caplA and cap2A strains and sporulating the resulting heterozygous diploid.
Fluorescence Microscopy
Cells were fixed for fluorescence microscopy and stained with rhodamine-phalloidin to detect actin or with Calcafluor to detect chitin as described, except that rhodamine-phalloidin was at 3.3 #M (2, 44, 45) . Antiactin staining was as described (22) , using afffinity-purified rabbit anti-yeast actin antibodies generously provided by David Drubin (University of California, Berkeley, CA). a-factor treatment was as described (6) . The mounting solution contained 1 mg/mL p-phenylenediamlne to inhibit bleaching. Cells were observed with a 100• N.A. 1.3 Plan-Neofluar objective on an Axiovert 10 microscope (Carl Zeiss, Oberkochen, Germany) equipped for epifluorescence microscopy with a 50 W mercury arc lamp or an Axiophot with a I00 W lamp, and photographed on T-Max 400, T-Max 100, and Tech-Pan Film (Eastman Kodak Co., Rochester, NY) as appropriate.
Con A Staining
Cells were grown in 10 mL YPD (46) with 2 % glucose to an OD~00 of ~1.0, harvested, washed in labeling buffer (10 mM "Iris, pH 7, 100 mM NaCI, 2 mM CaCI2, 2 mM MnC12) and resuspended in 1 mL labeling buffer. FITC-conjugated Con A (Molecular Probes, Eugene, OR) was added to a final concentration of 0.1 rng/mL, and the cultures were incubated 20 rain in the dark at room temperature. The cells were harvested, resuspended in 20 mL YPD with 0.1% glucose and incubated 30-120 rain at 30~ with agitation. Aliquots were removed, sonicated, washed once in 10 mM NAN3, mounted on slides, and observed by fluorescence microscopy.
Overexpression of Capping Protein
The 2.8-kb EcoRI insert from M was cloned into pBluescript, creating plasmid pBJ060. An AllIH site was created 2 bp 5' of the initiating ATG of the CAP/gene in pBJ060 by oligonucleotide-directed, site-specific mutagenesis (38) . The entire coding sequence of CAPI was sequenced to ensure that no additional mutations had been created by the procedure. Digestion of pBI060 with AflIII yielded a 1.2-kb product which was blunt-ended and ligated into EcoRV-cut pBluescript, creatin~ pBJ093, pBJ093 was digested with EcoRI and SalI to release a 1.l-kb CAP/coding region cassette.
To create a CA~ coding region cassette, plasmid pBJ010 containing C4F2 with an artificial 5' BamHI site (described in reference 5) was digested with BamI-II and SspI and the 870-bp insert was purified and ligated into BamHI/SmaI cut pBluescript, creating plasmid pR1094. Digestion of pBJ094 with BamHI and SalI released a 900-bp CAP2 cassette.
A 685-bp BamHI-EcoRI fragment containing the GAL/ and GALIO promoters was prepared from plasmid pBM258 (M. Johnston, '~ashington University, Department of Genetics, St. Louis, MO). This fragment was ligated with the CAPI and CAP2 coding region cassettes, the ligation products were digested with SalI, and the 2.7-kb fragment containing CAP2-GALI/GALIO-CAP1 was gel purified and ligated into SalI cut pABZ259 (10) to create plasmid pBJll4.
Yeast strain YJC093 was transformed with pABZ259 or with pBJll4 to create strains YJC285 and YJC288, respectively. To induce overexpression of CAPlp and CAP2p, YJC285 and YJC288 were grown overnight in synthetic -Leu medium with 2% glucose (46) , diluted to an OD600 of 0.5 in synthetic -Leu medium with 2% lactate and 2% pyruvate, and grown 2 h at 30~ Galactose was added to a final concentration of 2%, and growth was continued for 6-8 h at 30~ EM Growth, fixation, and embedding of cells were as described (57, 58) . Cells were embedded in LR White resin, sectioned, stained with 1% uranyl acetate followed by lead citrate, and observed on a Zeiss EM10 electron microscope.
Mating EJOiciency
5 x 106 cells of strain YJC388 (MATr CAP1 CAIr2) or YJC391 (MATcx capl-Ah:TRP1 cap2-Ah:H1S3) were mixed with an equal number of cells of strain YJC097 (MATc~ His6), harvested on filters and incubated on solid medium as described (34) . After 2.5 h at 300C cells were removed from the filters, diluted 103-fold in H20 and plated on solid YPD. Colonies appearing on these plates were replicated to synthetic minimal medium and to synthetic -Leu medium to identify diploids and MATa haploids, respectively. Similar results were obtained when cells from the filter were plated directly onto synthetic minimal medium.
Invertase Secretion
Invertase secretion was assayed as described (9) , except that all cultures were grown at 30"C, and time 0 was the time of shift to 0.1% glucose. External invertase activity was defined as the activity in non-permeabilized samples; total invcrtase activity as the activity in samples permeabilized by Triton X-100 treatment and freeze-thawing; and internal invcrtase activity as total external. The ODeo of the non-permeabilized samples was used to normalize the data. Triplicate determinations were made for each time point. One unit of invertase activity was defined as I nmol glucose produced/([rnin at 30~ [1.0 Afro U]).
Results
Cloning of CAP1
Previously we purified yeast capping protein (6) and cloned CAP2, the gene encoding the/3 subunit (5). To clone CAP1, the ~ subunit gene, NH2-terminal amino acid sequence from two a subunit poptides (6) was used to design degenerate oligonucleotides for use in a PCR reaction with yeast genomic DNA as the template (Table II) . One amplified product correctly predicted the amino acid sequence of the two peptides and was used to design a non-degenerate CAP1 oligonucleotide for library screening. Five non-identical positive clones were isolated from a randomly sheared genomic DNA library in phage kgtl 1 (Fig. 1) . The sequence of clone M was determined and contains an 804-bp open reading frame which we name CAP1 and propose encodes the c~ subunit of capping protein. To conserve space, the sequence is not shown but can be found in GenBank and EMBL databases under accession number X61398. The three a subunit peptide sequences are present in the amino acid sequence predicted from CAP1 (Table II) . In addition, the amino acid composition of the purified a subunit is identical, within error, to that predicted by CAP1, and the relative molecular weight observed by SDS-PAGE is identical, within error, to that predicted (data not shown). The coding region of CAP1 is preceded by a stop site in frame with the initiating methionine at 12-bp upstream, preceded by a TATA box 70-bp upstream and followed by transcription termination sequences 60-500-bp downstream.
The predicted amino acid sequence of the protein encoded by CAP1 (Caplp) is similar to the predicted amino acid sequences of capping protein a subunits from Dictyostelium, chicken, frog, and dog (Fig. 2) . Over its entire length, Caplp is 32 and 27 % identical to the capping protein u subunits from chicken and Dictyostelium, respectively (13, 27) . Searches of the CAP1 nucleotide and protein sequences against the GenBank, EMBL, GenPept, PIR, and SWISS-PROT databases did not reveal any other similar sequences.
CAP1 was physically mapped to chromosome XI, between the centromere and PUT3 (40) , by hybridization of the 3,1 insert to the M. V. Olson lab filter set. CAP1 is found in MERG 0919, h#6578, which was confirmed by isolation and partial sequence of the phage DNA, and is probably on group 33, based on the restriction digest pattern. The data do not indicate the orientation of the gene on this group. (27) , Xenopus laevis (X.L ) (7) , GaUus gallus al and c~2 (G.g.1 and G.g.2) (13, 17) and Canis familiaris (Cf.) (Zopf and Walter, 1990 , unpublished data). (Con.) Consensus line showing residues identical in all six sequences. Two or more identical residues are shown in inverse black; two or more similar residues (26) are shown in inverse gray. (Fig. 3) . Thus, caplA,cap2A, and caplAcap2A strains all lack functional capping protein. Consistent with this result, we find no phenotypic differences between these strains. Deletion of either or both capping protein subunits causes cells to become enlarged and rounded (Fig. 4) . Nearly all mutant cells are round, as compared to wild-type cells, which are oval. Only a fraction of the mutant population is enlarged; many cells of normal size are found.
Phenotype of NuU Mutants
The actin distribution was examined by fluorescence microscopy with fluorescent phalloidin and anti-actin antibodies. Mother cells have a severe deficit in actin cables. Wildtype strains generally show 80-90% of cells with several cables, which run the length of the cell. In most backgrounds (YJC076, YJC085, YJC174, and YJC384; derived from strains YJC075, YJC082, YJC095, and YJC163, respectively), only 1 to 10% of null mutant mother cells contain cables, and cables in those cells are generally, but not always, less numerous, less intense, and shorter than those of wildtype cells (Fig. 4) . Staining with anti-actin antibodies was superior to fluorescent phalloidin in detection of cables. This difference was most noticeable in one background (YJC598-600), in which a significantly higher fraction (30-50%) of null mutant cells had cables detected by anti-actin but only 5 % had cables detected by fluorescent phalloidin. The most likely possibility for these results is simply that the anti-actin protocol, which notably includes extraction and flattening of cells leading to a much reduced background, is more semi- (6) . This experiment was also performed with affinity-purified antibodies specific for each subunit, and gave similar results, which are not shown to conserve space.
five, but we have not excluded the possibility that some of the cables detected by anti-actin do not bind phaUoidin. The protocols for the two reagents are mutually exclusive and do not permit a double label experiment.
Null mutants lacking cables generally show an increased number of cortical actin spots distributed diffusely over the surface of the mother cell as well as the bud, whereas in wild-type cells these spots are predominantly clustered at the tip of the bud (Fig. 4) . This phenomenon was also heterogeneous within a population and between different genetic backgrounds. The lack of cables did correlate with increased numbers of diffuse dots.
Overexpression of Capping Protein
Having found that cells lacking capping protein have an altered actin cytoskeleton, we tested the effect of capping protein overexpression. Because expressed single subunits of capping protein from other systems have little or no activity in actin polymerization assays in vitro (30, 32) and we suspect that single subunits are unstable based on the results above, we simultaneously overexpressed both subunits. Transformation of yeast with a vector in which both the CAP1 and CAP2 genes are placed under the control of the divergent GAL/-GAL/0 promoters led to a >200-fold overproduction of the protein when the cells were grown on media containing galactose as assessed by quantitative immunoblot analysis of cell lysates (data not shown). As a control we examined cells transformed with the parent vector lacking the CAP1 and CAP2 genes.
Overexpression of capping protein led to a minor deficit in growth on solid synthetic media that selects for the plasmid and contains galactose (2%) and raffinose (2%) as the carbon source (data not shown). This experiment could not be performed with rich glucose-containing medium, which would be interesting since strains deleted for SAC6, another actin-binding protein, are Ts-for growth at 37~ on rich but not selective media (3) .
The morphology of the cells in the overexpressing population is also heterogeneous. Some have thickened cell walls and/or buds with unusual shapes, and some are normal (Fig.  5) . Thin-section EM confirmed that the cell walls are thick in many of these cells (data not shown). Second, overexpression causes a decrease in the number of cells containing a normal actin cytoskeleton. 5 % (9/200) of cells overexpressing capping protein contain actin cables, compared with 86% (172/200) of control cells (representative cells shown in Fig. 5 ). Both small and large cells exhibit disrupted actin cytoskeletons and altered bud morphology. Those few cells that do contain actin cables generally have normal size and bud morphology; however given the small numbers of such cells it is difficult to draw strong conclusions about the correlation between aberrant cell morphology and the loss of actin cables.
Polarized Secretion
To test the hypothesis that actin cables are important for polarized secretion, polarized growth of capping protein null, and overexpressing strains, which are deficient in actin cables, was tested in several different assays. First, we used fluorescent Con A to differentially label pre-existing and newly synthesized cell surface molecules. Because the for- mation of new cell wall is monitored directly, this is a direct test for polarized growth. Second, we used the fluorescent dye Calcafluor (primulin) to label chitin, a cell wall component that is specifically deposited at the bud neck. Third, we examined polarization in response to mating pheromone, ineluding projection formation and chitin deposition at the base of the projection. Fourth, we assessed mating efficiency and mating partner discrimination, indirect measures of cell polarity. Finally, we examined invertase secretion, as an example of bulk secretion that is not necessarily polarized.
Cell Surface Growth
Newly synthesized cell-wall components including mannoproteins (24, 55) , invertase (56) , and acid phosphatase (25) are selectively secreted into the growing bud. Furthermore, newly synthesized mannoproteins have been shown to appear first at the bud tip (24, 55) . We examined the insertion of newly synthesized mannoproteins into the cell wall by labeling the cell surface with fluorescent Con A, which binds mannose polymers. When the cells were allowed to grow further in the absence of label, newly inserted cell wall material appeared as a dark spot. In wild-type, cap2A/cap2A mutant strains, and strains overexpressing capping protein, new growth occurred at the tip of the bud (Fig. 6 ).
Wild-type and cap2A/cap2A mutant populations had a similar proportion of cells exhibiting dark bud tips. In one experiment, 17/87 wild-type cells (20%) and 13/80 mutant cells (16%) had dark bud tips. Other ceils had buds which were completely bright (9/87 = 10% for wild-type and 11/80 = 14% for mutant) or completely dark (61/87 = 70% for wild-type and 56/80 = 70% for mutant). The percentages of dark tips are not directly comparable because the strains were grown for different times (60 min for wild-type and 120 min for mutant) after the removal of the Con A label to allow for the disparity in growth rates between wild-type and mutam strains (5) . In addition, these results do not exclude a partial defect in polarized growth because deposition of the appearance of some newly synthesized cell wall material would not be detected by this assay. Therefore, we also performed the following two assays, one on budding cells and one on mating cells, which do detect the polarized deposition of newly synthesized cell wall.
Chitin Deposition
Budding is preceded by the assembly of a ring of actin dots
The Journal of Cell Biology, Volume 119, 1992 (53) , and chitin deposition probably reflects the polarized transport of chitin synthase 3, or a factor that activates this enzyme (51) . Capping protein null strains do synthesize chitin rings (Fig.  7) . In wild type strains, chitin is also found at a low level over the surface of the mother, but not the bud (53) . cap2A strains have relatively more chitin over the surface of the mother cell than do wild-type strains (Fig. 7 A) (5) . Increased chitin deposition occurs in cdc mutants at the restrictive temperature, perhaps reflecting ongoing maturation in the absence of budding (53) . Therefore, the increased chitin content of cap2A mother cell walls may simply reflect the prolonged cell cycle time of these strains. Consistent with this, we find that the largest cells in cap2A strains stain most brightly with Calcafluor (data not shown). Fig. 7 also shows that bud site selection is correct in a null mutant. Haploids bud successively at one pole, and diploids alternate between the two poles with successive buds, leading to clustering of bud scars in wild-type cells. The bud scars also cluster in cap2A cells, indicating that bud site selection, under the control of the BUD genes (15, 16) is normal in these mutants. In diploid strains homozygous for the cap2 deletion allele, the bud scars cluster at both poles (not shown).
Morphogenesis and Mating Efficiency
Haploid cells exposed to pheromone from a cell of the opposite mating type arrest in the G1 stage of the cell cycle and form projections in which actin dots are clustered at the tip (18) and chitin is deposited at the base (50) . Haploids are able to discriminate among potential mating partners, suggesting that cells are able to spatially polarize their growth in response to gradients of mating pheromone (33) . We tested whether capping protein null mutants are able to undergo normal morphogenesis and mating. A MATa caplAcap2A strain formed projections when exposed to synthetic or-factor, and actin dots clustered at the tip (Fig. 8) . Chitin was correctly localized to the base of the projection (Fig. 9) .
We also tested the mating efficiency of the mutant strains. When MATot (YJC388) and MATa (YJC096) wild-type cells were mixed, the efficiency of diploid formation was 48.3% 5: 1%. When MATot caplAcap2A mutant cells (YJC391)
were mixed with MAToe wild-type cells (YJC096), the efficiency of diploid formation was 48.0% + 0.8%. Thus, caplAcap2A mutant cells mate as efficiently as wild type.
In a separate experiment, a small defect in mating was seen when both mating partners were capping protein mutants:
MATa cap2A (YJC078) and MATa cap2A (YJC447) formed diploids with an efficiency of 29.6% + 1%, whereas MATa cap2A (YJC078) and MATol wild-type (YJC365) formed diploids with an efficiency of 40.9% + 2.5%. (The two experiments are not directly comparable because they were performed in different genetic backgrounds. For technical reasons we were unable to perform all three types of crosses in a uniform background.) The defect seen in mating of cap2A x cap2A is much less severe than that seen in crosses of tpm/A • tpm/A (39) .
cap2A mutants also demonstrated no significant defect in a mating partner discrimination assay (35) 
Invertase Secretion
When budding yeast are grown in low-glucose media, a membrane-bound form of the enzyme invertase is induced and secreted (11, 12) . In strains bearing temperaturesensitive alleles of the ACT/gene at the restrictive temperature, Novick and Botstein (42) found that derepressed invertase accumulated intracellularly, consistent with a role for actin in this secretion. When we examined invertase secretion in wild-type and caplAcap2A strains, we found that the mutant strains exhibited normal invertase secretion (Fig.  10) , indicating that actin cables are not required for this process.
In wild-type cells, invertase is secreted selectively into the periplasmic space of the bud (56) . On the other hand, invertase secretion continues in myo2-66 strains at the restrictive temperature, conditions under which no bud is formed (36) . Our assay does not distinguish the site of invertase secretion, and therefore invertase secretion may in this case represent bulk rather than polarized secretion.
Discussion
To understand the role of capping protein in the regulation of the actin cytoskeleton and the function of the actin cytoskeleton in yeast, we have prepared null and overexpressing yeast strains of capping protein.
In previous work, the gene for the/~ subunit, CAP2, was cloned by serendipity, identified by sequence homology, and deleted (5) . Purification and sequencing of capping protein confirmed that CAP2 encodes the/3 subunit (6). We now report the cloning, sequencing and deletion of CAP1, the gene encoding the et subunit. Chickens contain two genes encoding different isoforms of the ot subunit of capping protein (17), but we find no evidence for more than one gene in yeast. Negative evidence against this possibility includes the observations that an immunoblot with polyclonal antibodies is completely negative on extracts of null mutants, twodimensional gel electrophoresis shows a single spot corresponding to the ot subunit, and complete agreement between the properties of the protein and the prediction from CAP1.
The null mutants caplA CAP2, CAP1 cap2A, and caplA cap2A were prepared by deletion of nearly all the coding region by homologous recombination. The mutations are recessive, and haploid mutants are viable with a mild deficit in growth rate.
In a haploid, deletion of the gene for one subunit leads to a loss of protein for the other subunit, determined by immunoblot of whole cell extracts. Therefore, we hypothesize that single capping protein subunits are unstable in the absence of their heterodimeric partner. As expected from this observation, the phenotypes of each single mutant, caplA CAP2 mother and bud. These results suggest that capping protein is required for the stability of the actin structures comprising the cables. Based on its biochemical activity, capping barbed ends and nucleating polymerization, and immunofluorescence localization of capping protein to actin spots but not cables, it is unclear why the absence of capping protein should destabilize the cables or promote the diffuse localization of spots. In addition, overexpression of capping protein also leads to similar effects on the actin cytoskeleton, which is difficult to rationalize. Our lack of understanding about the structure, organization and dynamics of actin filaments in yeast severely limits our ability to explain these effects with specific mechanisms. One possibility is that a lack of capping protein destabilizes actin filaments in cables because capping protein is a component of cables, perhaps only at their Figure 9 . Chitin distribution in wild-type and capping protein null strains exposed to mating pheromone. Ceils were exposed to mating pheromone, fixed, and stained with Calcafluor. 
Polarized Secretion
Several phenomena probably reflect polarized secretion in yeast, and they may have different mechanisms. To begin the cell cycle, a bud site is chosen and a bud forms, reflected by the location of the chitin-containing bud scar. The bud enlarges, but not the mother, and growth occurs by the insertion of new cell wall material at the tip of the bud. This polarization of growth may be mediated by the directed transport of secretory vesicles from the mother cell into the bud (49) . The mechanism of this transport is not known, but actin cables have been hypothesized to play a role in secretory vesicle transport because they run longitudinally along the mother bud axis and because they intersect the bud neck (20, 22, 36) . In response to mating pheromone, cells from shraoo projections, which have chitin at their base. Actin cables also are oriented toward the projection. However, the results here argue against the hypothesis that cables are necessary for these various phenomena of polarized growth. First, based on the insertion of newly synthesized cell wall mater~ in cap2A strains, polarized cell wall growth occurs in cells deficient in cables. Second, disruption of cables by a different mechanism, overexpression of capping protein, also failed to disrupt the polarized insertion of new cell wall components at the bud tip. Third, capping protein null mutants deposited chitin in the bud scar and also at the neck of shmoos. Fourth, null strains undergo normal morphogenesis in response to mating pheromone and mate with an efficiency and discrimination similar to that of wild-type strains. Finally, invertase secretion and bud-site selection are also normal in the absence of cables.
We wish to emphasize that a general limitation of studying both null and overexpressing strains is that cells have ample time to adapt their metabolism and thereby correct physiologic defects, as demonstrated for clathrin heavy chain (52), for example. In the future, more definitive experiments to understand the role of capping protein and thereby that of actin will involve the preparation and analysis of conditional alleles.
The importance of actin in mediating polarized secretion is supported by several studies. Yeast with ts alleles of ACTI exhibit impaired secretion and delocalized chitin deposition at the permissive temperature and a loss of viability at the restrictive temperature (42) . Temperature-sensitive mutations of MY02, whose sequence contains the actin-based motor domain of myosin, cause yeast to arrest as large, unbudded cells (36) which indicates that MY02 is important for initiation of bud formation. Mating partner discrimination, which depends on the ability of mating cells to polarize their growth in a given direction, is impaired in actl-2 and actl-2 mutant cells (35) . Clearly, actin is important for polarized secretion, but which pool of actin is required?
Spots are an obvious candidate because they contain actin and because the location of spots correlates with sites of new cell-surface growth (1) . Mutants lacking spots have not been described. Strains lacking SAC6p (fimbrin), which like capping protein is localized to spots, still contain spots and are viable (2) . Myosin-mediated vesicle transport should require the presence of actin filaments. The actin in spots may be filamentous because it binds phalloidin, but EM has not yet described filaments in spots.
Cells may contain another pool of actin filaments, which are not observed by fluorescence or electron microscopy because they are relatively dispersed. Given the proper location and polarity, such filaments could direct myosinmediated vesicle transport. Perhaps the actin filaments that compose the cables are still present in the strains described here but are not bundled and therefore not observed as "cables" by fluorescence microscopy.
